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ABSTRACT 

Currently, gravitational microlensing survey experiments toward the Galactic bulge field utilize two different 
methods of minimizing blending effect for the accurate determination of the optical depth t. One is measuring 
T based on clump giant (CG) source stars and the other is using 'Difference Image Analysis (DIA)' photometry 
to measure the unblended source flux variation. Despite the expectation that the two estimates should be the 
same assuming that blending is properly considered, the estimates based on CG stars systematically fall below 
the DIA results based on all events with source stars down to the detection limit. Prompted by the gap, we 
investigate the previously unconsidered effect of companion-associated events on t determination. Although 
the image of a companion is blended with that of its primary star and thus not resolved, the event associated 
with the companion can be detected if the companion flux is highly magnified. Therefore, companions work 
effectively as source stars to microlensing and thus neglect of them in the source star count could result in 
wrong r estimation. By carrying out simulations based on the assumption that companions follow the same 
luminosity function of primary stars, we estimate that the contribution of the companion-associated events to 
the total event rate is ^ 5/bi% for current surveys and can reach up to ^ 6/bi% for future surveys monitoring 
fainter stars, where /bi is the binary frequency. Therefore, we conclude that the companion-associated events 
comprise a non-negligible fraction of all events. However, their contribution to the optical depth is not large 
enough to explain the systematic difference between the optical depth estimates based on the two different 
methods. 

Subject headings: binaries: general - gravitational lensing 



1. INTRODUCTION 

The value of the microlensing optical depth toward the 
Galactic bulge field has been evolved with the refinement 
of both experimental measurements and theoretical predic- 
tions. Paczvhski (1991) and Griest et al. (1991) first pre- 
dicted the optical depth of r ^ 0.4-0.5 x lO"*" assuming all 
events were caused by known disk stars. However, the first 
measurem ent of the optical depth of t = 3.3 x 10"^ reported 
by OGLE dUdalski et al..i.l994 ) was significantly higher than 
the ea rher predictions. This prompted Kiraaa & Paczvnsk^ 
(dH to evaluate the lens contribution of bulge stars in ad- 
dition to disk stars. Soon after, optical depths based on 
more refined models of the Galactic b ulge were suggested 
by a n umber of authors (Kiraaa 1994; Zhao, Sperael, & RichI 
[T995t[H an & Gould 1995; Metcalf 1995; Zhao & Mao 1996; 
iBissantz et aL.1997i .PealQ.1998i: lEvans & Belokurovii2002i) . 
The values of the new predictions were in the range of r ~ 
0.8-2.0 X 10"^, but these values still fall syste matically be- 
low th e measurements by OGLE and MACHO (.Alcock et alJ 

cm. 

To reconcile the predictions and measurements, various ex- 
planations were suggested. A se t of these explanation s sug- 
gested new populations of events. Mollerach & Roulet ( 1996) 
pointed out non-negligible contribution of disk self-lensing 
events, j^air & Miralda-Escude ( 1999) indicated that disk 
source stars behind the bulge has much higher optical depth 
than bulge stars, and thus although they are a very small 
fraction of the stars in the Baade's windo w, they can con- 
tribute ^ 5%- 10% of the optical depth. Cseresnies & Alard 
ll2001h pointed out similar contribution of events associ- 
ated with source stars belonging to the Sagittarius dwarf 
galaxy. Sevenster & Kalnais (2001) mentioned the possibil- 
ity of events caused by lenses in an inner ring located roughly 



halfway between the observer and bulge. 

Another set of explanations pointed out potential biases in 
the optical depth measurements. One of such biases is the 
the "magnification-bias effect" (Nemiroff 1994), pointed out 
by Alard ( 1997) and Han ( 1997). The bulge is very crowded 
field and thus the images of stars suffer from severe blend- 
ing. For efficient processing of images taken toward such a 
crowded field, earlier lensing experiments registered bright 
resolved stars on a template image and monitored the bright- 
ness variation of only these stars. For such experiments, al- 
though a source star is fainter than the detection limit imposed 
by crowding and thus not registered, it is still possible to de- 
tect an event if the star is located close to the seeing disk of a 
bright registered star The optical depth is measured based on 
the number of monitored stars, N^„ by 



tE.i 



2N,T j-^ eitEiV 



(1) 



where T is the total observation time, A'tot is the total number 
of detected events, tE.i are the Einstein timescales of the indi- 
vidual events, and e(fE.,) is the detection efficiency of events 
as a function of Te- Then, if these faint source stars are not 
taken into consideration, the number of source stars effec- 
tively monitored by the survey is systematically underesti- 
mated, and thus the optical depth is overestimated. 

Observational efforts to refine the optical depth measure- 
ments were focused also on blending. One simple but efficient 
method for the accurate determination of the optical depth 
was measuring r based on events associated with only clump 
giant (CG) source stars, because these bright bulge stars are 
not strongly affected by blending. Four optical depth mea- 
surements based on CG-associated events were reported by 
iPopowski eTai] ( 1200 Ih . lAfonso et all ( l2003h . IPopowski et alJ 
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( l200l . and ISumi et alJ (l200l . These values range r ~ 
0.9-2.2 X 10"^, approaching close to the theoretical pre- 
dictions. Another effort of minimizing the blending effect 
was the adoption of a new photometry technique that mea- 
sures the source star flux variation on images obtained by 
subtracting observed images from a seeing-convolved refer- 
ence image flbm anev & Crotts 1996; Alard & Lupto nll 19981 
l Alcock et alJTT999i .Wozniak..2000i: .Alard .2000: .Bond et alJ 
120011) . Bv suing the DIA method, one can improve the pho- 
tometry of events because the measured flux variation is not 
affected by blending. The optical depth measurements by us- 
ing this so called "Difference Image Analysis" (DIA) method 
based on all events with source stars down to the detection 
limit w ere published by Alcock et al. (2000) and Sumi et ^ 
(|2003^. These estimates range r ^ 3.2-3.4 x 10 ^ and thus 
they are systematically greater than the estimates based on CG 
stars and the theoretical predictions. 

Prompted by the difference between the optical depth es- 
timates based on CG stars and the DIA result, we investi- 
gate the effect of unresolved binary companions to source 
stars on the microlensing optical depth determination. Due 
to the characteristics of the DIA photometry, a significant 
fraction of events are associated with faint source stars 
which could not be identified b y the traditional DoPHOT 
iSchechter. Mateo. & Sahal|l993h . Therefore, estimation of 
the optical depth based on the DIA photometry requires con- 
sideration of faint stars effectively working as source stars to 
lensing. In the previous DIA estimates, this has been done 
based on a luminosity function (LF) obtained by using high- 
resolution instruments such as the Hubble Space Telescope 
(HST). However, companions to source stars cannot be re- 
solved even with the HST, and thus the contribution of the 
companions to the effective number of source stars has not 
been taken into consideration in the previous optical depth 
estimations. Considering that majority of stars have com- 
panions ( Abt & Levy 1976; Abt 1983; Duquennoy & Mayor 
119911) . the fraction of events associated with companion stars 
might not be negligible and could explain a significant frac- 
tion of the gap between the optical depth estimates based on 
CG stars and the DIA results. 

2. COMPANION-ASSOCIATED EVENTS 

Let us think about an event occurred on a companion star 
whose image is blended with that of its brighter primary star. 
The separation between the primary and companion stars is, in 
general, much larger than the Einstein ring radius of a typical 
Galactic bulge event caused by a low-mass star of 



rg- 1.9 AU 



M 



0.3 Mp 



1/2 



6 kpc 



1/2 / 1/2 



(2) 



where M is the mass of the lens, and Di and Ds are the dis- 
tances to the lens and source, respectively. Then, the primary 
star, in most cases, is not participating in the lensing magnifi- 
cation and thus it simply works as a blending source (.Dominifc 
[^98; Han & Jeong 1998). In this case, the apparent magnifi- 
cation of the event is 



Fp+A(u)F, _ Fp/F,+A(u) 
Fp + F, Fp/F,+ 1 ' 



(3) 



where A(u) is the true magnification of the event occuiTed on 
the companion star, u is the lens-source (companion star) an- 
gular separation in units of the angular Einstein ring radius 
Oe = ^e/Di, and Fp and are the fluxes of the primary and 



TABLE 1 

Contribution of Companion-Associated Events 



surveys 


source brightness range 


Tc/t 


current-type 


0.0 <Mv <6.0 


~ 0.047/bi 


future space-based 


2.7 <Mv <7.5 


~ 0.060/bi 



companion stars, respectively. The true magnification is re- 
lated to the normalized lens-source separation u by 

m(m2 + 4)1/2- 

Although the image of a companion star is blended, the 
event associated with the companion star can be detected if 
its flux is magnified highly enough to make the apparent mag- 
nification of the combined flux of the primary and companion 
higher than a threshold value. Due to blending, the threshold 
magnification for the event detection becomes higher. The 
increase threshold magnification is 



A'lh = Art 



fJ f' 



(5) 



where Ath is the threshold magnification without blending. 
Then, the threshold lens-source separation (impact parame- 
ter) corresponding to the increased threshold magnification is 



M 0,th = 



1/2 



1/2 



(6) 



implying that as long as the lens approaches the companion 
star closer than M'o.th, the event associated with the companion 
can be detected. Therefore, companions can work effectively 
as source stars to lensing and thus the events associated with 
them should be taken into consideration in the optical depth 
determination. 

3. COMPANION CONTRIBUTION TO SOURCE STARS 

Then, how much is the contribution of events associated 
with companion stars to the total optical depth, Tc, toward the 
Galactic bulge field. For this estimation, we compute the ra- 
tio of the number of events associated with companions, A^c, to 
the total number of events, A^tot- The optical depth is related to 
the mass distribution along the line of sight toward the obser- 
vation field, while the event rate is additionally dependent on 
the mass function of the lens matter. However, since the lens 
does not discriminate whether the source star is primary or 
companion, the optical depth contribution of the companion- 
associated events is equivalent to their contribution to the total 
event rate, i.e. t^/t = Nc/Ntoi- 

We estimate t^/t as follows. First, we assume that 
companions foll ow the sam e LF as that of primary stars 
(jOuQuennov & Mavoilll991l) . With this assumption, we as- 
sign the brightnesses of the primary and companion source 
stars based on the binary-cor rected V-band LF of stars in the 
solar neighborhood listed in Allen (2000).' Once each pair 
of the primary and companion stars is produced, we then cal- 
culate the threshold magnification A\h required for the event 

' For the source star brightness, it might be th ought that using the LF 
of Galactic bulge stars from //Sr observations, e.g. lHoltzman et all 119981) . 
would be a better choice. However, this LF is not binary coiTected because 
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Fig. 1. — Luminosity of function of source stars effectively participat- 
ing in microlensing (effective luminosity function) toward the Galactic bulge 
field. The dotted and and dashed curves represent the LFs of the primary and 
companion stars, respectively, and the solid curve is the combined LF. The 
effective LF of the companion source stars is for the case of = 1 .0, where 
/bi is the binary frequency. The LFs are arbitrarily normalized. The shaded 
regions represent the source stars brightness ranges of the current and future 
lensing surveys. 



detection and the corresponding threshold impact parameter 
M'o.th- The number of events having magnifications higher 
than A'iIj is directly proportional to Mqjj^ because the distri- 
bution of events is uniform in impact parameter Then, the 
contribution of the companion-associated events to the total 
event rate is computed by 



Mot A^p+A^c' 



where 



iV..p 



Np = y~^Mo,th,p, 

A'..p 

Nc = /bi^MO,th,c, 
/=1 



(7) 



(8) 



(9) 



A^*,p is the total number of monitored source primaries that 
would have produced events in the absence of binarity, /bi 
is the binary frequency, and Mo.th.p and Mo.th.c represent the 
threshold impact parameters of the events associated with 
the primary and companion, respectively. We note that the 
event associated with the primary star is also affected by 
blending caused by the flux from the companion star, and 
thus Mo th.p < 1-0 and A^p < A^* p. For the computation of the 
threshold impact parameter, we assume that events are de- 
tected when Aobs > 3/ V5 adopting the conventional thresh- 
old magnification. We also assume that the combined (pri- 
mary plus companion) brightness of the source star monitored 



by the current surveys is in the range of 0.0 < My < 6.0. 
With the distance modulus ofV-My ^ 14.5 and extinction of 
Ay ~ 1 .0, this range corresponds to the apparent magnitude 
range of 15.5 < V < 21.5. As the brightness of the monitor- 
ing source star decreases, the relative companion/primary flux 
ratio increases, and thus the rate of the companion-associated 
events increases. The future space-based lensing survey using 
the Galactic Exoplanet Survey Telescope (GEST) mission pro- 
posed by Bennett & Rhie ( 2002) plans to monitor faint main- 
sequence stars to optimize the detections of terrestrial plan- 
ets by minimizing finite-source effect. To examine the de- 
pendence on the source star brightness, we also estimate the 
fraction of the companion-associated events from this future 
survey to examine the effect of source star brightness. For this 
estimation, we assume that the range of the source star bright- 
ness is 2.7 < My < 7.5, which corresponds to early F to late 
K-type main-sequence stars. 

In Tabel ^ we present the estimated contribution of the 
companion-associated events to the total event rate expected 
from the current and future lensing surveys. In Figure^ we 
also present the LFs of the primary and companion source 
stars effectively participating in lensing (effective luminosity 
function), where the companion LF is for the case fu = LO to 
show the possible maximum contribution of the companion- 
associated events. The result says that the contribution of the 
companion-associated events is A^c/Mot ^ 5/bi% for the cur- 
rent lensing surveys and it is slightly higher values of ^ 6/bi% 
for the future lensing survey. Therefore, these events do con- 
tribute to the total bulge event rate and thus to the optical 
depth. However, the contribution is not large enough to ex- 
plain an important fraction of the gap between the optical 
depth estimates based on CG stars and the DIA results, im- 
plying that exploring other possible reasons that can explain 
the gap is needed. 



4. CONCLUSION 

Prompted by the gap between the microlensing optical 
depth estimates based on CG stars and the DIA result, we in- 
vestigated the previously unconsidered effect of unresolved 
binary companions to source stars on the determination of 
the optical depth toward the Galactic bulge field. By carry- 
ing out simulations based on the assumption that companions 
follow the same LF of primary stars, we assessed the contri- 
bution of the companion-associated events to the total opti- 
cal depth would be t^/t ^ 5fu% for current lensing surveys 
and can reach up to ^ 6/bi% for future surveys monitoring 
fainter stars. We, therefore, conclude that events associated 
with companion stars comprises a non-negligible fraction of 
the total events, but their contribution to the optical depth is 
not large enough to explain the systematic difference between 
the optical depth estimates based on the two different meth- 
ods. 
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companions cannot be resolved even with the HST. Since the purpose of this 
paper is investigating the effect of the source companion to the optical depth 
determination, we use the binary-con'ected LF, although it is based on stars 



in the solar neighborhood. We note, however, that there is no significant 
evidence for the variation of the field of LF from place to place. 
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